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Quantum droplets have intrigued much attention recently in view of their successful observations
in the ultracold homonuclear atoms. In this work, we demonstrate a new mechanism for the forma-
tion of quantum droplet in heteronuclear atomic systems, i.e., by applying the synthetic spin-orbit
coupling(SOC). Take the Bose-Fermi mixture for example, we show that by imposing a Rashba SOC
between the spin states of fermions, the greatly suppressed Fermi pressure can enable the formation
of Bose-Fermi droplets even for very weak boson-fermion attractions, which are insufficient to bound
a droplet if without SOC. In such SOC-induced quantum droplets, the boson/fermion density ratio
universally depends on the SOC strength, and they occur in the mean-field collapsing regime but
with a negative fluctuation energy, distinct from the interaction-induced droplets found in litera-
ture. The accessibility of these Bose-Fermi droplets in ultracold Cs-Li and Rb-K mixtures is also
discussed. Our results shed light on the droplet formation in a vast class of heteronuclear atomic
systems through the manipulation of single-particle physics.
Self-bound droplets are ubiquitous in nature, while
their quantum mechanical analogs, quantum droplets,
are challenging to achieve in physical systems as their
appearance requires sophisticated balance between at-
tractive and repulsive forces. Recently, the study of
quantum droplet has become a hot topic in the field
of ultracold atoms. A pioneer work by Petrov showed
that self-bound droplets of a two-component Bose gas
can form in the mean-field collapsing regime[1], due to
a balance between mean-field attraction (∼ −n2, n is
the density) and Lee-Huang-Yang repulsion from quan-
tum fluctuations (∼ n5/2), and importantly, they stay in
the weak coupling regime that can effectively avoid atom
loss. To date, quantum droplets have been successfully
observed in Lanthanum atoms with strong dipole-dipole
interaction[2–5], and in alkali boson mixtures[6–8] which
exactly follow Petrov’s scenario. Droplet formation has
recently also been predicted in low-D[9–12] and in pho-
tonic systems[13].
Given successful explorations of quantum droplets in
homonuclear systems[2–8], it naturally arises a question
whether such a peculiar state exists in heteronuclear sys-
tems, especially Bose-Fermi mixtures with coexisting dif-
ferent statistics. Actually, in this problem the Bose-
Fermi and Bose-Bose mixtures share some similarities, in
that the Fermi pressure in the former naturally plays the
role of boson repulsion in the latter as a repulsive force,
and both systems host an additional repulsion from quan-
tum fluctuations[1, 14]. So a Bose-Fermi droplet is ex-
pectable by fine-tuning boson-fermion attractions, as has
been theoretically confirmed recently[15]. Nevertheless,
one notes that the Fermi pressure scales as∼ n5/3, which,
compared to the boson repulsion (∼ n2), generates higher
repulsive force in the dilute limit. Accordingly, a stronger
attraction in Bose-Fermi mixtures is required to form a
droplet. Strong interaction can invalidate perturbative
theories in treating the droplets, and inevitably induce
severe atom losses to prevent their realistic detection in
experiments.
In this work, we demonstrate a new route to stabilize
the quantum droplet, i.e., by introducing the spin-orbit
coupling (SOC). In the past few years, cold atoms exper-
iments have successfully realized the synthetic 1D[16–26]
and 2D[27–29] types of SOC, and the highly symmetric
SOC including the Rashba and isotropic types have also
been theoretically proposed[30–37]. Our work is simply
motivated by the fact that SOCs can significantly modify
the single-particle physics in low-energy space. In partic-
ular, for a highly symmetric SOC, the resulted single-
particle ground state degeneracy in combination with in-
teractions has been found to induce intriguing dimer[38–
43], trimer[44–46] and many-body physics[47]. Here, we
point out another dramatic effect of the highly symmet-
ric SOC, namely, in driving the formation of stable Bose-
Fermi droplets in weak coupling regime. The associated
mechanism can be generalized to various other heteronu-
clear systems in different dimensions.
To be concrete, we consider a Rashba spin-orbit cou-
pled Fermi gas spin-selectively interacting with a Bose
gas, which is described by the following Hamiltonian
H =
∑
k
ǫbkb
†
kbk +
Ubb
V
∑
k,k′,Q
b†kb
†
Q−kbQ−k′bk′
+
∑
k,α
ǫfkf
†
k,αfk,α +
λ
mf
∑
k
(
(kx − iky)f †k,↑fk,↓ + h.c.
)
+
Ubf
V
∑
k,k′,Q
f †k,↑b
†
Q−kbQ−k′fk′,↑. (1)
Here b†k and f
†
k,α create a boson and a spin-α(=↑, ↓)
fermion, respectively, with energy ǫbk = k
2/2mb and
ǫfk = k
2/2mf ; Ubb and Ubf are respectively the bare
boson-boson and boson-fermion interactions, which can
be related to scattering lengths abb and abf via renor-
malization equations, for instance, 1/Ubf = 1/gbf −
2(1/V )
∑
k 1/(2mbfk
2), with gbf = 2πabf/mbf , mbf =
mbmf/(mb + mf ), and V the volume. Here we con-
sider a Rashba SOC between two-species fermions with
strength λ, and the resulted single-particle eigenstate is
created by f †
k,σ =
∑
α γ
α
k,σf
†
k,α, where σ = ± is the in-
dex of helicity branch, γ↑k,± = ±e±iφk/2/
√
2, γ↓k,± =
e±iφk/2/
√
2, φk = arg(kx, ky); the corresponding eigen-
energy is ǫfk,σ =
(
(k⊥ + σλ)
2 + k2z
)
/(2mf) (here k⊥ =√
k2x + k
2
y), which gives a U(1) ground state degeneracy
in k-space with k⊥ = λ. For brevity, we take ~ = 1
throughout the paper.
In this work, we consider weakly interacting bosons
with small abb(> 0), and a weak attraction between boson
and spin-↑ fermion with small abf (< 0). Given the boson
and fermion densities nb and nf , the energy density of
the system can be written as
E(nb, nf ) = Eb + Ef + Ebf , (2)
here Eb = (2πabb/mb)n2b [1 + (128/15π1/2)(nba3bb)1/2] is
the ground state energy of the Bose gas with Lee-Huang-
Yang correction. Ef is the Fermi sea energy under Rashba
SOC:
Ef = 1
V
∑
k,σ
ǫfk,σθ(Ef − ǫfk,σ), (3)
with Ef ≡ λ2f/(2mf) the Fermi energy and λf the
Fermi momentum, determined by the density constraint
nf =
1
V
∑
k,σ θ(Ef − ǫfk,σ). Ebf = E(1)bf + E(2)bf is the
interaction energy between bosons and fermions, here
E(1)bf = gbfnbnf,↑ is the mean-field interaction energy, and
E(2)bf (∼ g2bf ) is the lowest-order correction due to den-
sity fluctuations, which can be obtained from the second-
order perturbation theory as:
E(2)bf = nb
g2bf
V
∑
k
(
nf,↑
2mbf
k2
− ǫ
b
k
ωk
∑
q,σ,σ′
1
4V
θ(Ef − ǫfq,σ)θ(ǫfk+q,σ′ − Ef )
ωk + ǫ
f
k+q,σ′ − ǫfq,σ

 .(4)
Here ωk =
√
ǫbk(ǫ
b
k + 8πnbabb/mb) is the Bogoliubov ex-
citation energy of bosons. In the limit of λ → 0, our re-
sult recovers the perturbative energy of Bose-Fermi mix-
tures without SOC[14].
Given E(nb, nf ) in (2), one can obtain the chemical
potentials µb = ∂E/∂nb, µf = ∂E/∂nf , and the pressure
density P = Pb + Pf + Pbf , where
Pb = nb ∂Eb
∂nb
− Eb; Pf = nf ∂Ef
∂nf
− Ef ; (5)
Pbf = P(1)bf + P(2)bf ;
P(i)bf = nb
∂E(i)bf
∂nb
+ nf
∂E(i)bf
∂nf
− E(i)bf (i = 1, 2); (6)
Here Pb (Pf ) is the pressure caused by individual bosons
(fermions), Pbf is due to boson-fermion interactions and
contributed from both the mean-field (P(1)bf ) and the
quantum fluctuation (P(2)bf ) parts. The introduction of
SOC will not change Pb and P(1)bf , but will strongly mod-
ify Pf and P(2)bf as shown below.
Before proceeding, we should note that a stable ground
state droplet occurs when the following conditions are
simultaneously satisfied:
(i) E < 0, P = 0;
(ii) µb
∂P
∂nf
= µf
∂P
∂nb
;
(iii)
∂µb
∂nb
> 0,
∂µf
∂nf
> 0,
∂µb
∂nb
∂µf
∂nf
> (
∂µb
∂nf
)2
here the condition (i) describes a self-bound object that
is in equilibrium with vacuum, a characteristic feature of
droplet[1]; condition (ii) further searches for the ground
state droplet with minimal energy[15]; and (iii) ensures
the droplet be stable against density fluctuations.
0.00 0.05 0.10 0.15
-5.0E-8
0.0
5.0E-8
1.0E-7
P(2)bf
P
E
abb
Pf
FIG. 1. E , P , Pf and P
(2)
bf [in units of mba
5
bb/(2piV )] as
functions of λabb. Here we take nba
3
bb = 2 × 10
−5, nfa
3
bb =
10−4, abf = −3abb, and mb/mf = 133/6. The red arrow
marks the location where the droplet condition (i) is satisfied.
The orange dashed line shows fit to Pf according to Eq.7.
To gain the first insight on how a Rashba SOC af-
fect the droplet formation, in Fig.1 we take 133Cs-6Li
system and show its energy E , pressure P and pressure
components Pf , P(2)bf as functions of SOC strength λ,
for a given attraction abf = −3abb and given densities
nba
3
bb = 2 × 10−5, nfa3bb = 10−4. It can be seen that as
increasing λ from zero, both E and P decrease monoton-
ically, such that at a critical λcabb ∼ 0.75, P can reduce
to zero with a negative E , as marked by red arrow in
Fig.1, which gives a droplet solution satisfying condition
(i). During this process, Pf and P(2)bf also decrease, while
the reduction of total P mainly comes from Pf , since P(2)bf
varies in a relatively smaller scale.
The suppressed Fermi pressure (Pf ) by Rashba SOC
can be attributed to the U(1) ground state degeneracy
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FIG. 2. Contour plots of P [in unit of mba
5
bb/(2piV )] in
the (nfa
3
bb, nba
3
bb) plane for different SOC strengths: λabb =
0.02(a), 0.06(b), 0.08(c), 0.1(d). The red dashed-dot lines in
(b,c,d) denote zero-pressure loops, and the black stars mark
the locations of ground state droplets satisfying condition (ii).
Here we take abf = −3abb and mb/mf = 133/6.
and thus the enhanced density-of-state ρ(E) at low E,
which approaches a constant (∼ mfλ) as in an effective
2D geometry, rather than zero as in the usual 3D case.
As a result, in the presence of SOC, more fermions can
be accommodated in the low-E space and for a given nf
this greatly suppresses the total energy and the Fermi
pressure. Specifically, in the low-density or strong-SOC
regime where only the lower helicity branch is occupied,
i.e., nf < nf,c ≡ λ3/4π, we have λf =
√
4πnf/λ and
Ef = Pf = π
λmf
n2f . (7)
This shows that the presence of Rashba SOC can funda-
mentally alter the energy(pressure)-density scaling rela-
tion, from ∼ n5/3f in the usual case, to ∼ n2f . This greatly
suppresses E and P for a dilute Fermi gas (with small nf ).
Moreover, Eq.7 shows that E , P can be further reduced
by increasing SOC strength λ, as also shown in Fig.1.
Given the robust single-particle physics modified by
Rashba SOC, the suppression of P should generally ap-
ply to all boson/fermion densities. In Fig.2, we show
the contour plots of P(nb, nf ) for Cs-Li system taking a
fixed abf = −3abb and several different values of λabb.
At λabb = 0.02(Fig.2(a)), P is always positive, while
it can be effectively reduced when increasing λabb to
0.06(Fig.2(b)), where it touches zero along a small loop
in (nb, nf ) plane and becomes negative inside. Further
increasing λabb to 0.08 and 0.1 (Fig.2(c,d)), P is fur-
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FIG. 3. Boson and fermion densities (a) and their ratios (b)
as functions of λabb for the ground state droplets at differ-
ent scattering lengths abf/abb = −4(black circles), −3(red
triangles) and −2(blue diamonds). The green dashed line in
(a) shows the critical fermion density nf,c = λ
3/(4pi), below
which only the lower helicity branch is occupied. In (b), the
orange dashed-dot line shows fit to Eq.9; in the inset, the line
shows critical λc for mean-field collapse (see Eq.8), and the
points shows actual λ for the data shown in the main plot.
Here mb/mf = 133/6.
ther reduced and the zero-pressure loop becomes even
enlarged. On each loop in (b-d), the location of ground
state droplet following condition (ii) is further marked by
a black star, and we have checked that all these solutions
are with E < 0. In addition, because the stars all locate
at the top right corner of the loops, we have ∂P/∂nb > 0
and ∂P/∂nf > 0, which automatically ensure the satis-
faction of condition (iii). Therefore they represent stable
ground-state droplets satisfying all conditions (i-iii).
Repeating the same procedure for different attraction
strengths abf/abb = −2, −3, −4, we show in Fig.3
the boson/fermion densities and their ratios as func-
tions of λ for the ground state Cs-Li droplets. As
shown in Fig.3(a), for abf = −4abb(black circles), the
droplets start to form at small λabb ∼ 0.03 with fermions
occupying both the lower and upper helicity branches
(i.e.,nf > nf,c ≡ λ3/4π), thus these droplets are mainly
interaction-induced similar to those without SOC[15].
Gradually reducing attraction to abf = −3abb(red tri-
angles), the droplets move to larger λ and nf starts to
drop below nf,c. For small attraction abf = −2abb(blue
4diamonds), the droplet appears at λabb ≥ 0.09 with
nf ≪ nf,c, i.e., the fermions are located near the bot-
tom of lower helicity branch with U(1) ground state de-
generacy. Such droplet formation crucially relies on the
suppressed Fermi pressure by Rashba SOC (see Eq.7),
and can only appear for strong SOC and weak attrac-
tions. Thus we term it as the SOC-induced droplet, in
order to distinguish from the interaction-induced ones at
small or zero SOC. Below we will extract several unique
features for such kind of droplet.
First, given the fermion energy in Eq.7, we see that
SOC can conveniently tune the mean-field stability, and
a mean-field collapse occurs for sufficiently large λ at
λ > λc =
8mbmf
(mb +mf )2
abb
a2bf
. (8)
The dependence of λc on abf is plotted in the inset of
Fig.3(b), and this qualitatively explains why a stronger
SOC is required for droplet formation at weaker attrac-
tions, as shown in Fig.3(a). Secondly, by requiring a
minimal mean-field energy like in Bose-Bose mixtures[1],
we obtain an optimal boson/fermion density ratio as
(
nf
nb
)
op
=
√
2mf
mb
√
λabb. (9)
This shows a universal dependence of boson/fermion den-
sity ratio on the SOC strength, which is one of character-
istic features of the SOC-induced droplet. We see from
Fig.3(b) that Eq.9 can well predict the actual density ra-
tio for the SOC-induced droplets at abf = −2abb (with
small discrepancy attributed to quantum fluctuation ef-
fect), but deviate largely from that of the interaction-
induced ones at stronger attraction abf = −4abb.
The SOC-induced droplets also significantly differ from
the interaction-induced ones in quantum fluctuations. To
compare the fluctuation effects for all sets of parame-
ters, we investigate the relative ratio R ≡ E(2)bf /|E(1)bf |,
which quantity can also be used to judge the validity of
second-order perturbation theory. In Fig.4, we plot the
energy E and associated ratio R for the droplet solutions
in Fig.3. One can see that at given abf , E monotoni-
cally decrease as increasing λ. For the same window of
|E| ∈ [2× 10−9, 3× 10−8], R can range within [12%, 20%]
for abf = −4abb, while can be reduced to [3%, 10%] for
a weaker attraction abf = −3abb. For the SOC-induced
droplet at abf = −2abb, R turns negative and its absolute
value can be even smaller (∈ [0, 5%]).
Three remarks are in order. First, the fact that the
SOC-induced droplets host sufficiently small |R| is asso-
ciated with their appearance in the weak coupling regime,
i.e., small abf , which guarantees the validity of pertur-
bative treatment in this problem as well as the practical
stability in experiments. In comparison, the interaction-
induced Bose-Fermi droplets have much higher R[48].
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FIG. 4. Energy density E [in unit of mba
5
bb/(2piV )] (a) and
the ratio R ≡ E
(2)
bf /|E
(1)
bf | (b) as functions of λ for the droplet
solutions in Fig.3.
Secondly, the SOC-induced droplets can exhibit a nega-
tive fluctuation energy E(2)bf < 0, which is very rare in 3D
systems. This is, again, attributed to the enhanced DoS
by Rashba SOC, such that more fermions can be excited
near the ground-state manifold with small excitation en-
ergy and the second term in Eq. 4 can dominate to pro-
duce a negative E(2)bf . Similar effect produced by Rashba
SOC have been shown to enhance the quantum deple-
tion of a 3D Bose condensate[49, 50]. Finally, despite of
a negative E(2)bf , the fluctuation pressure P(2)bf still keeps
positive given ∂E(2)bf /∂nf > 0. This is why such droplet
can be stabilized in the mean-field collapsing regime with
λ > λc, see the inset of Fig.3(b).
Now we discuss the accessibility of SOC-induced Bose-
Fermi droplets in ultracold 133Cs-6Li and 87Rb-40K mix-
tures. For a laser-generated SOC, typically the maximum
λ is given by the wave vector of two counter-propagating
lasers, i.e., λmax ∼ 2π/1000 nm−1. For Cs-Li mix-
tures near 892G Feshbach resonance[51], Cs-Cs scattering
length abb ∼ 15nm, giving λmaxabb ∼ 0.1. According to
Fig.3, a Cs-Li droplet can form at abf = −2abb = −30nm,
with densities nf = 0.1nb = 4 × 1012cm−3. For Rb-K
mixtures near 546G resonance[52], given a smaller Rb-Rb
scattering length abb ∼ 5nm, we have λmaxabb ∼ 0.033.
According to Eqs.(8,9), the minimum attraction required
for mean-field collapse is abf ∼ −7.6abb ∼ 40nm, and the
optimal density ratio in the droplet is nf/nb ∼ 0.17. We
note that nb is much larger than nf in both Cs-Li and
Rb-K droplets, similar to Bose polaron systems as have
been realized in cold atoms without SOC[52–54].
5In summary, we have demonstrated the formation of
Bose-Fermi droplets in the weak coupling regime driven
by a Rashba SOC between the spin states of fermions.
The SOC-induced droplets feature a negative fluctuation
energy, while occur in the mean-field collapsing regime
with a positive fluctuation pressure, distinct from the
interaction-induced ones studied in literature. More-
over, the boson/fermion density ratio universally de-
pends on the strength of Rashba SOC, which property
can be detected in experiments. Such SOC-induced
droplet has a number of implications as below. First,
it offers an ideal platform to study the topological edge
states when further combine SOC with interactions,
since the droplet configuration naturally provides sur-
face/boundary for cold atoms without resorting to exter-
nal potentials. Moreover, this work reveals the impor-
tance of single-particle physics in engineering quantum
droplets, and the associated mechanism can be general-
ized to a vast class of heteronuclear atomic systems in
various geometries. In particular, this work sheds light
on the droplet formation even in Fermi-Fermi mixtures
and in mixed dimensions.
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